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3	  ABSTRACT	  Spatial	  Exploration	  and	  Characterization	  of	  Endozoicomonas	  spp.	  Bacteria	  in	  
Stylophora	  pistillata	  Using	  Fluorescence	  In	  Situ	  Hybridization	  Areej	  Alsheikh-­‐Hussain	  	  Studies	  of	  coral-­‐associated	  bacterial	  communities	  have	  repeatedly	  demonstrated	  that	  the	  microbial	  assemblages	  of	  the	  coral	  host	  are	  highly	  specific	  and	  complex.	  In	  particular,	  bacterial	  community	  surveys	  of	  scleractinian	  and	  soft	  corals	  from	  geographically	  diverse	  reefs	  continually	  uncover	  a	  high	  abundance	  of	  sequences	  affiliated	  with	  the	  Gammaproteobacteria	  genus	  Endozoicomonas.	  	  The	  role	  of	  these	  bacteria	  within	  the	  complex	  coral	  holobiont	  is	  currently	  unknown.	  In	  order	  to	  localize	  these	  cells	  and	  gain	  an	  understanding	  of	  their	  potential	  interactions	  within	  the	  coral,	  we	  developed	  a	  fluorescence	  in	  situ	  hybridization	  (FISH)	  approach	  for	  reef-­‐building	  coral	  tissues.	  Using	  a	  custom	  small-­‐subunit	  ribosomal	  RNA	  gene	  database,	  we	  developed	  two	  Endozoicomonas-­‐specific	  probes	  that	  cover	  almost	  all	  known	  coral-­‐associated	  Endozoicomonas	  sequences.	  Probe	  hybridization	  conditions	  were	  quantitatively	  evaluated	  against	  target	  and	  non-­‐target	  bacterial	  cultures	  using	  fluorescence	  microscopy.	  Using	  these	  experimentally	  tested	  conditions,	  probes	  were	  then	  hybridized	  to	  the	  branching	  coral	  Stylophora	  pistillata,	  obtained	  from	  the	  Red	  Sea,	  using	  whole	  mount	  and	  paraffin	  embedding	  techniques.	  This	  study	  allowed	  preliminary	  spatial	  exploration	  and	  characterization	  of	  Endozoicomonas	  in	  coral,	  which	  has	  provided	  insight	  into	  their	  functional	  role	  and	  interactions	  within	  the	  coral	  holobiont.	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I.	  INTRODUCTION	  	  Scleractinian	   corals	   construct	   reefs	   that	   represent	   one	   of	   the	   most	   biodiverse	  ecosystems	   on	   earth.	   The	   coral	   animal,	   its	   endosymbiotic	   dinoflagellates	  (zooxanthellae),	  along	  with	  an	  array	  of	  microorganisms	  including	  bacteria,	  archaea,	  fungi	  and	  viruses,	  together	  represent	  a	  single	  functional	  unit	  referred	  to	  as	  the	  coral	  holobiont.	  	  	  Bacterial	  communities	   in	  corals	  are	  known	  to	  vary	  highly	  across	  the	  tissue,	  mucus	  layer	  and	  skeletal	  microenvironments	  and	  are	  distinct	  from	  the	  communities	  found	  in	  the	  water	  column	  (Ritchie	  and	  Smith	  1997;	  Rohwer	  et	  al.,	  2001	  and	  2002;	  Frias-­‐Lopez	   et	   al.,	   2002;	   review	   by	   Brown	   &	   Bythell	   2005;	   Breitbart	   et	   al.,	   2005;	  Ainsworth	  et	  al.	  2006;	  Sweet	  et	  al.,	  2010).	  Studies	  have	  shown	  that	  these	  bacterial	  communities	  play	  significant	  roles	  in	  both	  healthy	  and	  disturbed	  states	  of	  the	  coral.	  Some	  of	  these	  roles	  include	  nitrogen	  fixation,	  carbon	  fixation,	  nutrient	  accumulation,	  antibiotic	  production,	  and	  pathogen	  protection	  (Williams	  et	  al.,	  1987;	  Shashar	  et	  al.,	  1997;	  Rohwer	  et	  al,	  2002;	  Dobretsov	  and	  Qien,	  2004;	  Lesser	  et	  al.,	  2004).	  They	  are	  also	   characterized	   as	   temporally	   and	   spatially	   species-­‐specific	   (Ritchie	   &	   Smith	  1997;	  Rohwer	  et	  al.,	  2002).	  The	  bacterial	  communities	  in	  corals	  could	  potentially	  be	  symbiotic,	  which	  refers	  to	  pathogenic,	  mutualistic,	  and/or	  commensal	  relationships	  between	   two	   organisms.	   One	   popular	   example	   of	   this	   biological	   interaction	   is	   the	  squid-­‐vibrio	   symbiosis	   in	   which	   the	   Hawaiian	   bobtail	   squid,	   Euprymna	   scolopes,	  hosts	   a	   bioluminescent	   bacterium,	  Vibrio	   fischeri,	   in	   their	   light	   organ,	   which	   emit	  
10	  luminescence	  that	  allows	  the	  host	  to	  evade	  predators	  (Nesis,	  1987;	  McFall-­‐Ngai	  and	  Montgomery,	  1990).	   Studying	  such	  symbiotic	   relationships	   is	  especially	   important	  in	  order	  to	  understand	  functional	  roles	  and	  interactions	  of	  different	  organisms	  such	  as	  the	  coral	  host,	  and	  its	  bacterial	  symbionts.	  
	  Several	   studies	   on	   scleractinian	   corals	   have	   examined	   bacterial	   community	  dynamics	   and	   diversity	   in	   both	   healthy	   and	   disturbed	   states	   of	   the	   coral	   and	  specifically	   indicated	   the	   abundance	   of	   Gammaproteobacteria.	   Ainsworth	   et	   al.,	  (2009)	   found	   aggregations	   of	   Gammaproteobacteria	   in	   the	   gastrodermis	   of	   the	  branching	   corals,	   Stylophora	   pistillata	   and	   Acropora	   aspera,	   in	   both	   healthy	   and	  bleached	   coral	   states.	   Another	   study	   on	   Pocillopora	   damicornis,	   that	   utilized	   16S	  rRNA	  gene	  surveys,	  found	  these	  bacteria	  to	  be	  associated	  with	  coral	  tissue	  slurries	  compared	   to	   seawater	   and	   coral	   mucus	   (Bourne	   et	   al.,	   2005).	   Other	   16S	   rRNA	  surveys	   studies	   have	   shown	   abundant	   appearances	   of	   specific	  
Gammaproteobacteria	   members,	   which	   were	   closely	   affiliated	   to	   the	   genus	  
Endozoicomonas.	  Examples	  of	  these	  are	  as	  follows:	  members	  of	  the	  Endozoicomonas	  lineage	   have	   been	   detected	   in	   Fungiidae	   corals	   from	   the	   Red	   Sea,	   and	   are	  abundantly	   associated	   with	   Ctenactis	   crassa	   and	   present	   at	   lower	   abundances	   in	  
Herpolithia	   limax	   (A.	   Apprill,	   personal	   communication).	   Bourne	   et	   al.,	   (2008)	   also	  found	   that	   Spongiobacter	   spp.,	   which	   were	   misclassified	   and	   are	   actually	  
Endozoicomonas	  spp.,	   to	   be	   dominant	   in	  Acropora	  millepora	   during	   pre-­‐and	   post-­‐	  bleaching	   events.	   16S	   rRNA	   gene	   sequencing	   analysis	   of	   the	   branching	   coral	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Stylophora	   pistillata	   revealed	   ~80%	   abundance	   of	   Endozoicomonas	   spp.	   (A.	  Alsheikh-­‐Hussain	  et	  al.,	  coursework).	  	  
Endozoicomonas	  was	   first	   cultivated	   from	  the	  gastrointestinal	   tract	  of	   the	  sea	  slug	  
Elysia	  ornate	  off	  the	  coast	  of	  Izu-­‐Miyake	  Island,	  Japan	  (Kurahashi	  and	  Yokota,	  2007)	  and	   later	   in	   southern	   Taiwan	   from	   the	   encrusting	   pore	   coral	   Montipora	  
aequituberculata	   (Yang	   et	   al.,	   2010).	   This	   genus	   is	   affiliated	   with	   several	   other	  closely	   related	   groups	   of	   sequences	   affiliated	   with	   diverse	   marine	   invertebrates.	  These	   include	   bivalve	   (Jensen	   et	   al.,	   2010),	   starfish	   (Eun	   Ju	   Choi	   et	   al.,	   2010),	  sponges	  (Thiel	  et	  al.,	  2007;	  Bourrain	  et	  al.,	  unpublished;	  Gram	  et	  al.,	  2010;	  Okano	  et	  al.,	   unpublished),	   mussels	   (Zielinski	   et	   al.,	   2009),	   tunicate	   (Martinez-­‐Garcia	   et	   al.,	  2007)	  and	  octocoral	  (Ranzer	  et	  al.,	  unpublished;	  Webster	  and	  Bourne	  2006;	  Littman	  et	   al.,	   2009;	   Suagawa	   et	   al.,	   2009	   and	   2010;	   T.	   Bayer,	   personal	   communication).	  Despite	   our	   limited	   knowledge	   of	   Endozoicomonas,	   studies	   so	   far	   highlight	   the	  importance	   of	   its	   presence	   and	   the	   necessity	   of	   further	   investigating	   its	   potential	  role	   in	   the	   functional	   system	   of	   the	   coral	   holobiont,	   and	   optimally,	   in	   other	  invertebrates	  it	  associates	  with.	  	  Fluorescence	   in	  situ	  hybridization	   (FISH)	   is	   considered	  a	  very	  well	  applied	  simple	  technique	   that	   allows	   visual	   analysis	   of	   complex	  microbial	   systems	   (Amann	   et	   al.,	  2001),	   which	   overcomes	   the	   limitation	   of	   pure	   cultivation	   methodologies.	   This	  study	   explores	   the	   distribution	   of	   Endozoicomonas	   bacteria	   in	   the	   reef-­‐building	  branching	  coral	  Stylophora	  pistillata	  obtained	  from	  the	  Red	  Sea.	  FISH	  of	  coral	  tissues	  
12	  and	  slurries	  was	  utilized,	  in	  addition	  to	  16S	  rRNA	  gene	  sequences.	  Determining	  the	  location	  and	  abundance	  of	  coral-­‐associated	  Endozoicomonas,	  using	  filtration,	  whole	  mount	   and	   paraffin	   embedding	   techniques,	   provide	   a	   step	   forward	   into	  understanding	   their	   physiological	   roles	   and	   potential	   interactions	   with	   other	  organisms	  in	  the	  coral	  holobiont.	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  II.	  MATERIALS	  AND	  METHODS	  	  A.	  Endozoicomonas	  probes	  design.	  	  Two	  Endozoicomonas	   specific	  probes,	  Endozoi663	   (5’-­‐GAGGAGUGUGGAAUUUCC-­‐3’)	  and	   Endozoi736	   (5’-­‐CUCUGGUCUGACACUGAC-­‐3’),	   were	   designed	   using	   the	   ARB	  software	  (Ludwig	  et	  al.,	  2004)	  and	  a	  custom	  database.	  This	  database	  included	  a	  total	  of	  17,302	  published	  16S	  rRNA	  sequences	  of	  cultivated	  bacteria	  from	  the	  ‘All	  Species	  Living	  Tree’	  project,	  version	  LTPs104	  SSU	  (Munoz	  et	  al.,	  2011).	  It	  also	  included	  over	  200	  16S	  rRNA	  sequences	  of	  coral	  bacteria	  and	  Endozcoicomonas	  spp.	  obtained	  from	  the	   SILVA	   106	   SSU	   database	   (Pruesse	   et	   al.,	   2007)	   (see	   Appendix	   1	   for	   detailed	  comparison	  between	  the	  probes).	  	  We	   constructed	   a	   phylogenetic	   tree	   depicting	   only	   sequences	   that	   theoretically	  hybridized	   to	   our	   probes.	   This	   was	   done	   as	   follows:	   short	   sequences	   were	  eliminated	   and	   a	   filter	   that	   covers	   955	   columns	  was	   constructed	   and	   exported	   to	  phylip	  format	  file	  with	  124	  full-­‐length	  sequences	  (≥1400bp).	  The	  tool	  [RAxML-­‐HPC	  BlackBox]	   in	   CIPRES	   Science	   Gateway	   (Miler	   et	   al.,	   2010)	   was	   used	   to	   infer	   a	  phylogenetic	   tree	   using	  maximum	   likelihood	   (ML).	   Interactive	   Tree	   of	   Life	   (iTOL:	  http://itol.embl.de/)	  was	  used	  to	  draw	  the	  tree	  illustrated	  in	  Fig.	  1	  (see	  Appendix	  4	  for	  full	  tree).	  	  
	   	  
Figure	  1:	  16S	  rRNA	  phylogenetic	  tree	  of	  all	  Endozoicomonas	  full-­‐length	  sequences	  (≥1400bp)	  that	  matched	  either	  one	  or	  both	  of	  the	  probes.	  
Tree	  was	  inferred	  using	  maximum	  likelihood	  (ML)	  and	  only	  bootstrap	  values	  ≥	  80	  are	  shown.	  Sequences	  that	  matched	  Endozoi663	  only	  are	  
displayed	   in	   BLUE,	  Endozoi736	   only	   are	   displayed	   in	   RED	   and	   ones	   that	  matched	   both	   probes	   are	   displayed	   in	   BLACK.	   Out-­‐groups	   used	  
included	  1	  sequence	  of	  each	  of	  the	  following	  phyla:	  Firmicutes	  (Y18189),	  Actinobacteria	  (D86945),	  Proteobacteria	  (X72768),	  Spirochaetes	  
(Z22781),	   and	   Bacteroidetes	   (AB078080).	   More	   than	   two	   repeated	   sequences	   in	   a	   row	   are	   replaced	   by	   a	   square	   (for	   the	   full	   tree,	   see	  
Appendix	  1). 
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15	  To	  verify	   the	  specificity	  of	  our	  probes,	   they	  were	  checked	  using	  1)	   the	  Test	  Probe	  tool	  against	  the	  SILVA	  SSU	  r108	  ref	  database	  (>=1200bp)	  (Pruesse	  et	  al.,	  2007),	  2)	  BLASTn	  against	  the	  16S	  Microbial	  database	  of	  NCBI	  (Altschul	  et	  al.,	  1990;	  Benson	  et	  al.,	   2000),	   and	   3)	   the	   16S	   database	   using	   the	   Probe	  Match	   tool	   of	   the	   Ribosomal	  Database	   Project	   (Maidak	   et	   al.,	   1999).	   Table	   1	   shows	   percentages	   of	   matching	  
Endozoicomonas	  sequences	   to	   our	   probes	   from	   the	   total	   number	   of	  matches	   from	  those	   databases.	   Endozoi663	   showed	   much	   lower	   percentages	   than	   Endozoi736.	  This	   is	   ascribed	   to	   the	   significantly	   higher	   total	   number	   of	   hits	   obtained	   by	  
Endozoi663	  (see	  Appendices	  2	  and	  3	  for	  details).	  	  Probes	   were	   constructed	   by	   Eurofins	   MWG	   Operon	   and	   were	   labeled	   with	   the	  fluorochrome	   Cy3	   (cyanine3),	   which	   has	   excitation	   and	   emission	   maximum	   at	  550nm	   and	   570nm,	   respectively.	   The	   universal	   Eubacteria	   probe	   EUB338-­‐I	   (5’-­‐GCWGCCWCCCGTAGGWGT-­‐3’;	   Daims	   et	   al.,	   1999;	   using	   conditions	   reported	   in	  Zubkov	  et	  al.,	  2007)	  was	  used	  as	  a	  positive	  control	  for	  most	  bacteria.	  The	  nonsense	  probe	   NON338	   (5’-­‐ACTCCTACGGGAGGCAGC-­‐3’;	   Amann	   et	   al.,	   1990)	   was	   used	   as	  nonspecific-­‐binding	  detector.	  Both	  were	  also	  constructed	  by	  Eurofins	  MWG	  Operon	  and	  labeled	  with	  Cy3	  in	  addition	  to	  an	  extra	  EUB338-­‐I	  oligonucleotide	  labeled	  with	  Cy5	   (cyanine5)	   for	   double	   hybridization	   with	   the	   Cy3	   labeled	   Endozoicomonas	  probes.	  
Table	  1:	  Percentages	  of	  matching	  Endozoicomonas	  sequences	  to	  each	  of	  our	  probes.	  These	  were	  computed	  from	  the	  total	  number	  of	  
matches	  resulted	  from	  querying	  each	  probe	  against	  3	  microbial	  databases	  (columns).	  
Probe	   SILVA	  108	   GenBank	   RDP	  
Endozoi663	   62.9%	   16.7%	   62.6%	  
Endozoi736	   99.3%	   100%	   98.4%	  
	  
	   	  
16	  B.	  Endozoicomonas	  probes	  evaluation	  with	  cultured	  isolates.	  	  
FISH	  with	  pure	  culture	  
Endozoicomonas	   elysicola	   [DSMZ-­‐22380]	   (Kurahashi	   M.,	   et	   al.	   2006)	   and	   E.	  
montiporae	   [LMG-­‐24815]	   (Yang	   CS.,	   et	   al.	   2009)	   were	   grown	   in	   Marine	   Broth	  (DIFCO™	  2216)	   liquid	   cultures.	   Growth	  was	   evident	   after	  ~48h	  of	   cultivation	   and	  cultures	   were	   transferred	   to	   fresh	   media	   every	   2–4	   days.	   For	   probes	   evaluation,	  (103x)	  dilutions	  of	  cultures	  were	  fixed	  in	  4%	  (v/v)	  paraformaldehyde	  (PFA)	  for	  4–6	  hours.	   Cells	   (1ml)	   were	   filtered	   onto	   5mm	   diameter,	   0.2μm	   pore-­‐sized	  polycarbonate	   black	   filters	   with	   0.8μm	   membrane	   supporting	   pad.	   Filters	   were	  attached	  to	  microscope	  slides	  using	  Tough-­‐Spots	  stickers	  (USA	  Scientific).	  At	  first,	  a	  series	  of	  hybridizations	  (5	  -­‐	  45%	  formamide	  with	  increments	  of	  10%)	  of	  
Endozoi663	  and	  Endozoi736	  probes	  with	  only	  DSMZ-­‐22380	  culture	  was	  conducted.	  This	   was	   done	   in	   order	   to	   determine	   the	   percentage	   of	   formamide	   at	   which	   the	  probe	  has	   the	  highest	   stringency.	   Subsequently,	   comparison	  of	   two	  hybridizations	  (35	   and	   40%	   formamide)	   were	   run	   in	   parallel	   for	   each	   probe	   (20ng/μl)	   in	  hybridization	   solution	   (35	   and	   40%	   formamide;	   0.9M	   NaCl;	   20mM	   Tris/HCL	   [pH	  7.4];	   0.01%	   sodium	   dodecyl	   sulfate	   (SDS))	   for	   16–18h	   at	   46°C.	   An	   additional	  hybridization	  of	  5ng/μl	  Endozoi663	  probe	  with	  both	  formamide	  concentrations	  was	  conducted	   for	  probe	   concentration	  differentiation.	  Additionally,	   specificity	   of	   both	  probes	   was	   tested	   by	   hybridization	   with	   Vibrio	   splendidus	   [2B10]	   under	   both	  formamide	   concentrations.	   Positive	   and	  negative	   hybridization	   controls	  were	   also	  used	  on	  the	  cultures	  (see	  Table	  1).	  
17	  Following	  hybridization,	   filters	  mounted	  on	  slides	  were	  washed	  at	  48°C	   in	  0.2μm-­‐filtered	  wash	  buffer	  (NaCl	  [see	  Table	  1	  for	  concentrations],	  20mM	  Tris/HCL	  [pH	  7.4],	  6mM	   ethylenediaminetetraacetic	   acid	   (EDTA)	   [pH	   8.0],	   0.01%	   SDS)	   (2x	   for	   10	  minutes	   each).	   	   For	   counterstaining,	   filters	   were	   subsequently	   stained	   with	   4',6-­‐diamidino-­‐2-­‐phenylindole	  (DAPI)	  solution	  (SIGMA-­‐ALDRICH,	  Germany)	  (5μg/ml	   in	  washing	   buffer)	  with	   an	   additional	   rinse	   in	  washing	   buffer	   (10mins	   each)	   at	   4°C.	  Filters	  were	  then	  placed	  on	  fresh	  microscope	  slides	  with	  30μl	  Citifluor	  (Citifluor	  Ltd,	  London,	   UK).	  Washing	   of	   positive	   and	   negative	   controls	   (EUB338-­‐I	   and	  NON338)	  was	  also	  applied	  under	  their	  specific	  conditions	  (see	  Table	  1).	  Filters	  were	   examined	   under	   Axioplan	   2	   Imaging	   epifluorescent	  microscope	   (Carl	  Zeiss,	  Germany)	  equipped	  with	  Cy3	  and	  DAPI	   filters	  and	  using	  AxioVision	  (release	  4.8.2)	  software.	  After	  obtaining	  the	  results,	  the	  same	  procedure	  was	  repeated	  with	  LMG-­‐24815	   culture	   in	   only	   40%	   formamide	   and	   5ng/μl	   probe	   hybridization	  solution.	  
	  
Quantification	  of	  cells	  In	   order	   to	   quantify	   the	   success	   and	   efficiency	   of	   probes’	   hybridization	   with	   the	  cultures,	  cells	  exhibiting	  DAPI	  fluorescence	  were	  counted	  and	  compared	  to	  the	  total	  of	   those	   showing	   Cy3	   fluorescence.	   For	   each	   filter,	   500	   cells	   were	   counted	   and	  compared	  in	  this	  manner.	  The	  average	  number	  of	  cell	  counts	  from	  ~20	  locations	  on	  the	  slide	  was	  obtained	  and	  used	  in	  equation	  A	  to	  obtain	  an	  approximate	  number	  of	  cells	   per	   ml	   (value	   of	   denominator).	   CF	   is	   the	   counting	   factor	   (35,425	   for	   100x	  magnification).	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Equation	  A:	   	   	   	     𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓𝑐𝑒𝑙𝑙𝑠 =    !"#$!%#  !"#$%&∗!"!"#$%&  (!!) 	  
	  
	  
Table	   2:	   In	   situ	   hybridizations	   with	   different	   probes	   and	   conditions.	   Read	   the	   table	   as	   follows:	   any	   character	   in	   Bold	   format	   is	  
connected	  to	  other	  bolded	  ones	  within	  the	  same	  row.	  Every	  item	  on	  the	  table	  connects	  to	  the	  item	  to	  its	  left,	  including	  all	  those	  that	  lie	  
within	  its	  rows	  range.	  SP:	  Stylophora	  pistillata;	  VS:	  Vibrio	  splendidus,	  Endozoi-­‐mixture:	  Endozoi663	  and	  Endozoi736	  mixture.	  
	   Sample	   Probes	   Formamide]in	  
Hybridization	  Buffer	  
Probe	  (ng/μl)	   Probe	  (μl)	  
Hybridization	  
T/Washing	  T	  (°C)	  
[NaCl]	  in	  Washing	  Buffer	  (M)	  
Cultivated	  
Isolates	  
DSMZ-­‐22380	  	  
EUB338-­‐I	  &	  NON338	   15%	  &	  35%	   20	  
30-­‐40	  
37/50	  &	  46/48	   0.318	  &	  0.080	  
Endozoi663	   5,	  15,	  25,	  35,	  45	  &	  40%	   5	  &	  20	   37/50	  &	  46/48	   0.636,	  0.318,	  0.159,	  0.080,	  0.040	  &	  0.056	  (in	  order)	  Endozoi736	   5,	  15,	  25,	  35,	  45	  &	  40%	   20	  LMG-­‐24815	   EUB338-­‐I	  &	  NON338	   15%	   5	   37/50	   0.318	  Endozoi663	  &	  Endzoi736	   40%	   5	   46/48	   0.056	  
VS	   Endozoi663	  &	  Endzoi736	   35	  &	  40%	   20	   46/48	   0.080	  &	  0.056	  
Whole	  
mount	  
SP	  
EUB338-­‐I	  (Cy3/Cy5)	  NON338	   15	  &	  35%	   1	   80	   37/50	  &	  46/48	   0.318	  &	  0.080	  
Endozoi/EUB338-­‐I	  (Cy5)-­‐mix	   35%	   1	   46/48	   0.080	  
Embedded	  
tissues	  
SP	  
EUB338-­‐I	  &	  NON338	   15	  &	  35%	   1	   40	   37/50	  &	  46/48	   0.318	  &	  0.080	  Endozoi-­‐mixture	   40%	   1	   46/48	   0.056	  Negative	   0	  
Slurries	   SP	  
EUB338-­‐I	  &	  NON338	   15%	   5	   30	   37/50	   0.318	  Endozoi-­‐mixture	   35%	  &	  40%	   5	   46/48	   0.080	  &	  0.056	  Negative	   40%	   0	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  C.	  Coral	  samples	  preparations.	  
Sampling	  sites	  In	  this	  study,	  different	  FISH	  experiments	  were	  conducted	  on	  a	  set	  of	  five	  Stylophora	  
pistillata	   samples	  obtained	   from	   the	  Red	  Sea	  off	   the	   coasts	  of	   Saudi	  Arabia.	  These	  samples	   were	   sampled	   during	   June	   2009	   from	   different	   sites	   and	   similar	   depths	  (Site	   5	   –	   Ablo	   One,	   18°40'30.36"N,	   	  40°44'21.18"E;	   Site	   12	   –	   AQ4,	   19°10'35.14"N,	  40°16'27.78"E;	   Site	   14	   –	   Shib,	   19°53'52.74"N,	   40°	   0'53.46"E;	   Site	   15	   –	   Saut,	  19°53'15.42"N,	  40°	  9'23.94"E;	  Site	  17	  –	  Coast	  Guard	  2,	  20°	  8'58.38"N,	  40°14'7.50"E).	  Samples	  were	  shipped	  to	  Woods	  Hole	  Oceanographic	   Institution	  (WHOI)	   frozen	   in	  liquid	  nitrogen	  dry	  shippers,	  stored	  long-­‐term	  at	  -­‐80°C	  and	  then	  later	  preserved	  as	  described	  blow.	  	  	  
Samples	  fixation	  and	  processing1	  Samples	  were	   acquired	   using	   chisel	   and	   hammer	   and	  were	   placed	   in	   Ziploc	   bags	  while	   underwater.	   On	   board,	   they	   were	   wrapped	   in	   aluminum	   foil,	   labeled	   and	  placed	   in	   liquid	  nitrogen	  then	  at	  -­‐80°C	  until	  use.	  Two-­‐four	  pieces	  (~1–2cm3)	  were	  dissected	  from	  each	  colony.	  Samples	  were	  rinsed	   in	  0.2μm-­‐filtered	  (1x)	  phosphate	  buffered	  saline	  (PBS)	  followed	  by	  overnight	  fixation	  at	  4°C	  in	  4%	  (v/v)	  PFA	  and	  (1x)	  PBS.	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Unless	  specific	  conditions	  are	  reported,	  all	  procedures	  were	  conducted	  at	  room	  temperature.	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Corals	  decalcification	  Samples	  were	  rinsed	  (3x)	   in	  (1x)	  0.2μm-­‐filtered	  PBS	  (20min	  each).	  Sterilized	  20%	  (w/v)	   tri-­‐sodium	  EDTA	  (pH	  7–8)	   in	  distilled	  water	  was	  added	  and	  changed	  of	   the	  samples	  on	  a	  daily	  basis	  while	  being	  rocked	  at	  4°C	  for	  7-­‐14	  days,	  depending	  on	  the	  sample	   size,	   until	  wholly	   decalcified	   (floating	   tissue	  was	   an	   indicator	   of	   complete	  decalcification).	   Tissues	  were	   then	  dehydrated	   through	   a	   series	   of	   30%,	   50%	  and	  70%	  (v/v)	  ethanol	  and	  Milli-­‐Q	  water	   (18.2	  MΩ·cm)	   (10mins	  each)	   then	  stored	  at	  4°C	  in	  70%	  ethanol	  until	  use.	  Samples	  were	  further	  divided	  into	  2-­‐subsamples.	  One	  to	   be	   embedded	   in	   paraffin	   and	   the	   other	   to	   be	   left	   as	   is	   for	   whole	   mount	  hybridization.	  	  
Paraffin	  tissue	  embedding	  Standard	  paraffin	  embedding	  was	  processed	  on	  tissues	  as	  follows.	  One	  piece	  of	  each	  colony	  was	  placed	  in	  embedding	  cassettes	  while	  wrapped	  in	  lens	  paper	  to	  maintain	  sample	   integrity.	   Samples	   were	   washed	   in	   70%	   and	   80%	   (v/v)	   ethanol	   (30mins	  each),	   (2x)	   95%	   and	   (2x)	   100%	   (45mins	   each),	   (2x)	   Histo-­‐Clear	   (1h	   each)	   and	  finally	  (3x)	  paraffin	  at	  58°C	  (30mins	  each),	  all	  using	  an	  automated	  Tissue-­‐Tek®	  VIP™	  5.	   Six	   replicate	   sections	   were	   sliced	   using	   automated	   Leica	   RM2255	   rotary	  microtome	   into	   5µm	   sections	   and	   collected	   on	   Superfrost®	   slides	   out	   of	   a	   43°C	  water	  bath.	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Staining	  embedded	  tissues	  One	   section	   of	   each	   sample	   was	   stained	   with	   hematoxylin	   and	   eosin	   (H&E)	   and	  another	   with	   gram	   as	   follows.	   Tissues	   were	   first	   adhered	   onto	   slides	   by	   placing	  them	   at	   58°C	   for	   20mins.	   Slides	   were	   then	   deparaffinized	   and	   rehydrated	   in	   the	  following	  series	  of	  washes:	  (3x)	  in	  Histo-­‐Clear	  (3mins	  each),	  (2x)	  100%,	  (1x)	  95%,	  and	  (1x)	  70%	  ethanol	  (1min	  each).	  Then,	  each	  stain	  procedure	  continues	  differently	  as	  follows.	  	  H&E	  Slides	  were	  dipped	   for	  5mins	   in	  hematoxylin	   followed	  by	   a	  1min	   tap	  water	   rinse.	  Then,	  they	  were	  then	  rinsed	  for	  30secs	  in	  ammonium	  hydroxide,	  tap	  water	  (1min),	  70%	  ethanol	  (30secs),	  eosin	  Y	  (1min	  and	  15secs),	  (2x)	  95%	  ethanol	  (30secs	  each),	  (3x)	   100%	  ethanol	   (2mins	   each),	   and	   ended	  with	   a	   (3x)	  Histo-­‐Clear	   rinse	   (2mins	  each)	  before	  applying	  a	  cover	  slip.	  	  	  Gram	  Slides	  were	  rinsed	  in	  crystal	  violet	  for	  1min	  then	  water	  was	  ran	  over	  for	  2secs.	  Gram	  iodine	  was	  applied	  on	  slides	  for	  1min	  then	  they	  were	  rinsed	  in	  water	  again	  for	  1min	  followed	   by	   blot	   drying	   (placing	   slides	   on	   paper	   towel	   and	   touching	   gently	   with	  another	  paper	  towel	  without	  rubbing).	  Acetone	  was	  used	  for	  rinsing	  slides	  until	  the	  crystal	   violet	   dye	   ran	   off.	   Basic	   fuchsin	  mixture	  was	   applied	   on	   sections	   for	   1min	  then	  they	  were	  rinsed	  in	  water	  and	  blot	  dried.	  A	  few	  dips	  of	  slides	   in	  acetone	  was	  done	  followed	  by	  more	  dipping	  in	  (0.1%)	  picric	  acid	  and	  acetone	  solution	  until	  the	  
22	  tissue	   became	   yellow	  pink.	   Slides	  were	   then	   continuously	   dipped	   in	   acetone	   until	  they	   became	   clear.	   A	   final	   dip	   in	   50%	   acetone	   and	  Histo-­‐Clear	   solution	  was	   done	  before	  applying	  a	  cover	  slip.	  All	   slides	   were	   stored	   at	   4°C	   in	   slides	   box	   inside	   3	   Ziploc	   bags	   with	   humidity	  sponges™	  (Control	  Company).	  Stained	  slides	  were	  examined	  with	  a	  light	  microscope	  (Zeiss	   Axio	   Imager.Z2;	   Carl	   Zeiss,	   Germany)	   using	   the	   AxioVision	   image	   analysis	  software.	  	  
16S	  rRNA	  Sequencing	  Each	  S.	  pistillata	  un-­‐decalcified	  sample	  was	  airbrushed	  with	  0.2μm-­‐filtered	  (1x)	  PBS	  in	  preparation	  for	  DNA	  extraction.	  Pellets	  weight	  range	  was	  (0.02	  –	  0.06g).	  Genomic	  DNA	  was	  extracted	  according	  to	  the	  protocol	  of	  the	  manufacturer	  PowerPlant®	  DNA	  Isolation	   Kit	   (Mo	   Bio	   Laboratories	   Inc.,	   Catalog	   No.	   13200-­‐S)	   with	   slight	  modifications	   as	   follows.	   After	   adding	   the	   PowerPlant	   Bead	   Solution,	   10units/μl	  lysozyme	   (Ready-­‐Lyse™	   Lysozyme	   Solution)	   (1.9μl/sample	   from	   36,000units/μl	  stock	  solution)	  was	  added	  with	  10mins	  incubation	  at	  room	  temperature.	  Then,	  25μl	  of	   20mg/ml	   Proteinase	   K	   (Qiagen)	   was	   added	   to	   each	   sample	   and	   incubated	   for	  10mins	  at	  65°C	  while	  being	  mixed	  at	  1,400rpm	  (Eppendorf	  Thermomixer	  R).	  DNA	  concentration	   was	   measured	   using	   the	   spectrophotometer	   (Thermo	   Scientific	  NanoDrop)	  before	  it	  was	  sent	  for	  PCR	  amplification,	  cloning	  and	  sequencing	  the	  16S	  rRNA	   gene	  with	   27F	   –	   1492R	  primers.	  More	   details	   about	   the	   sequencing	  will	   be	  added	  upon	  completion.	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  D.	  In	  situ	  hybridization	  with	  coral	  tissue.	  
Slurries	  filtration	  
Stylophora	  pistillata	  fixed	  slurries	  were	  diluted	  (103x)	  and	  1ml	  of	  each	  colony	  was	  filtered	  as	  previously	  described.	  Overnight	  hybridization	  on	  filters,	  with	  a	  mixture	  of	  
Endozoi663	   and	   Endozoi736	   probes	   (Endozoi-­‐mixture),	   EUB338-­‐I,	   NON338,	   and	   a	  negative	   (no	   probe),	   was	   done	   as	   described	   in	   Table	   1	   in	   hybridization	   buffer	  (formamide	  [see	  Table	  1	  for	  concentrations];	  0.9M	  NaCl;	  20mM	  Tris/HCL	  [pH	  7.4];	  0.01%	  SDS).	  Filters	  were	  then	  washed	  (1x)	  in	  washing	  buffer	  (NaCl	  [see	  Table	  1	  for	  concentrations],	   20mM	   Tris/HCL	   [pH	   7.4],	   6mM	   EDTA	   [pH	   8.0],	   0.01%	   SDS)	   for	  30mins.	  After	  fully	  air-­‐drying	  the	  filters	  on	  Whatman®	  paper,	  they	  were	  transferred	  to	  new	  microscopic	  slides	  onto	  a	  drop	  of	  Citifluor	  (Ted	  Pella,	  Inc.)	  covered	  by	  a	  drop	  of	  VECTASHIELD®	  Mounting	  Medium	  with	  DAPI	   (Vector	  Laboratories),	   applying	   a	  coverslip,	   and	   sealing	   the	   edges	   of	   the	   coverslip	   with	   nail	   polish.	   Microscopic	  examination	  was	  done	  similar	  to	  pure	  isolates	  described	  above.	  	  
Whole	  mount	  tissue	  hybridization	  For	   the	   whole	  mount	   approach,	   tissue	   pieces	   (~1–2mm)	  were	   dissected	   under	   a	  dissecting	  microscope	  (Carl	  Zeiss,	  SteREO	  Discovery.V8,	  Germany)	  or	  the	  naked	  eye	  in	  a	  Petri	  dish	  using	  a	  sterilized	  blade.	  Cut	  tissues	  were	  placed	  in	  micro-­‐centrifuge	  tubes	  and	  hydrated	   in	  series	  of	  60%	  and	  30%	  (v/v)	  Ethanol	   in	  0.2μm-­‐filtered	  PBS	  followed	   by	   (3x)	   PBS	   rinsing	   (10mins	   each).	   Samples	   were	   then	   rinsed	   in	  hybridization	   solution	   without	   probe	   at	   room	   temperature	   (10mins)	   followed	   by	  pre-­‐warmed	  incubation	  (1.5–2h)	  at	  the	  same	  hybridization	  temperature,	  depending	  
24	  on	  the	  probe	  to	  be	  used	  (see	  Table	  1).	  This	  is	  done	  in	  order	  to	  minimize	  nonspecific	  hybridization	  that	  could	  occur	  at	  lower	  temperatures.	  	  	  Whole	   mount	   samples	   were	   hybridized	   overnight	   (14–16h)	   in	   hybridization	  solution	   (formamide	   [see	  Table	  1	   for	  concentrations];	  0.9M	  NaCl;	  20mM	  Tris/HCL	  [pH	   7.4];	   0.01%	   SDS)	   with	   probes	   as	   described	   in	   Table	   1.	   Cy3-­‐labelled	  Endozoi-­‐mixture	   probes	   were	   mixed	   with	   the	   EUB338-­‐I	   Cy5-­‐lableled	   probe	   for	   double	  hybridization.	   After	   hybridization,	   samples	   were	   washed	   twice	   in	   pre-­‐warmed	  washing	  solution	  (NaCl	  [see	  Table	  1	  for	  concentrations],	  20mM	  Tris/HCL	  [pH	  7.4],	  6mM	  EDTA	  [pH	  8.0],	  0.01%	  SDS)	  (20–30mins	  each),	  preceded	  by	  a	  quick	  rinse	  (see	  Table	  1	  for	  washing	  temperatures).	  A	  final	  quick	  wash	  with	  100%	  isopropanol	  was	  given	   to	   each	   sample	   before	   dipping	   in	   ~100µl	   antifading	   mounting	   medium,	  Citifluor	  (Ted	  Pella,	  Inc.)	  and	  storing	  at	  4°C	  until	  examination.	  
	  
Paraffin	  embedded	  tissue	  hybridization	  Coral	   tissue	   sections	   were	   deparaffinized	   by	   rinsing	   (3x)	   in	   Histo-­‐clear	   (Electron	  Microscopy	  Science)	  (5mins	  each)	  followed	  by	  rehydration	  in	  a	  series	  of	  100%	  (2x),	  90%,	  80%,	  and	  70%	  (v/v)	  0.2µm-­‐filtered	  (v/v)	  Ethanol	   in	  Milli-­‐Q	  water	  (18.2	  MΩ·cm)	   (3mins	   each)	   and	   finally,	   3mins	  wash	   in	  Milli-­‐Q	  water.	   Slides	  were	   fully	   air-­‐dried	   before	   adding	   40ng	   of	   probe	   suspended	   in	   40µl	   hybridization	   solution	  (formamide	  [see	  Table	  1	  for	  concentrations];	  0.9M	  NaCl;	  20mM	  Tris/HCL	  [pH	  7.4];	  0.01%	  SDS).	  A	   set	  of	   four	  hybridizations	   (see	  Table	  1),	  were	  done	   consistently	  on	  four	  parallel	  sections	  from	  each	  sample	  for	  1.5–2h.	  Sections	  were	  then	  washed	  (1x)	  
25	  in	   pre-­‐warmed	   hybridization	  wash	   (NaCl	   [see	   Table	   1	   for	   concentrations],	   20mM	  Tris/HCL	  [pH	  7.4],	  6mM	  EDTA	  [pH	  8.0],	  0.01%	  SDS)	  for	  15mins	  followed	  by	  quick	  rinse	  in	  pre-­‐warmed	  Milli-­‐Q	  water	  (see	  Table	  1	  for	  temperatures).	  Slides	  were	  fully	  air-­‐dried	   before	   applying	   a	   drop	   of	   VECTASHIELD®	  Mounting	  Medium	  with	   DAPI	  (Vector	   Laboratories),	   applying	   a	   coverslip,	   and	   sealing	   the	   edges	  of	   the	   coverslip	  with	  nail	  polish.	  Both	  hybridized	  whole	  mount	  tissues	  and	  embedded	  sections	  were	  examined	  under	  the	  confocal	   laser-­‐scanning	  microscope	  Zeiss	  LSM	  710	  (Carl	  Zeiss,	  Germany)	  using	  the	   Zen	   2009	   software	   (Carl	   Zeiss)	   (see	   Table	   2	   for	   excitation	   and	   emission	  information	  for	  different	  fluorochrome	  used).	  Adobe	  Photoshop	  was	  used	  for	  image	  brightness	   adjustment	   (when	   necessary)	   and	   labeling.	   Zen	   2009	   Light	   Edition	   in	  addition	   to	   ImageJ	   software	   package	   (http://rsbweb.nih.gov/ij/)	   were	   used	   for	  scaling.	  
	  
Table	  3:	  Excitation	  and	  emission	  information	  of	  fluorochromes	  on	  the	  Zeiss	  LSM	  710	  confocal	  microscope.	  Emission	  peak	  for	  DAPI	  was	  
not	  computed	  in	  this	  study.	  
Fluorochrome	   Excitation	  Source	   Main	  Beam	  Splitter	   Emission	  peak	  (nm)	  
Cy3	   Argon	  488	  and	  DPSS	  561-­‐10	   MBS	  488/561	  	   577	  
Cy5	   DPSS	  561-­‐10	  and	  HeNe633	   MBS	  488/561/633	   667	  
DAPI	   Diode	  405-­‐30	   MBS	  -­‐405	   N/A	  	  
	  
	   	  
26	  III.	  RESULTS	  	  A.	  In	  situ	  hybridization	  with	  cultivated	  isolates.	  	  Nearly	   all	   DAPI-­‐stained	   cells	   from	   the	   isolates	   (DSMZ-­‐22380	   and	   LMG-­‐24815)	  hybridized	  with	  the	  Endozoi663	  and	  Endozoi737	  probes	  (Table	  3,	  Fig.	  2)	  at	  35	  and	  40%	   formamide	   concentration	   (brightness	   and	   contrast	   was	   adjusted	   using	  Photoshop,	   see	   Appendix	   4	   for	  more	   and	   unadjusted	   photos).	   In	   some	   cases,	   cell	  counts	  were	  higher	  for	  Cy3	  stained	  cells.	  	  This	  difference	  may	  have	  been	  attributed	  to	  the	  fading	  of	  DAPI,	  and/or	  unequal	  DAPI	  staining.	  	  The	  probes	  Endozoi663	   and	  Endozoi736	   did	  not	  hybridize	   to	   the	  Vibrio	   splendidus	  [2B10]	  cells,	  which	  were	  utilized	  as	  control.	  
	  
	  
Table	  4:	  Counting	  results	  of	  cells	  hybridized	  with	  each	  Endozoi	  probes	  at	  different	  conditions.	  DAPI	  and	  Cy3	  columns	  show	  counting	  
results	  of	  the	  total	  number	  of	  cells	  showing	  fluorescence	  from	  each	  dye.	  Percentage	  is	  the	  percentage	  of	  Cy3	  over	  DAPI	  counts.	  DSMZ-­‐
22380:	  Endozoicomonas	  elysicola	  and	  LMG-­‐24815:	  E.	  	  montiporae.	  Cells/ml	  shows	  the	  results	  of	  applying	  equation	  A	  on	  each	  respective	  
count.	  
Cultivated	  Isolates	   Probe	  [ng/μl]	   [Formamide]	   DAPI	   Cy3	   Percentage	   Cells/ml	  
DSMZ-­‐22380	  	   Endozoi663	  [5]	   35%	   550	   552	   100.36	   4.9	  x	  103	  
DSMZ-­‐22380	  	   Endozoi663	  [2]	   35%	   525	   525	   100.00	   3.4	  x	  103	  
DSMZ-­‐22380	  	   Endozoi736	  [20]	   35%	   511	   516	   100.98	   4.8	  x	  103	  
DSMZ-­‐22380	  	   Endozoi663	  [5]	   40%	   524	   525	   100.19	   3.5	  x	  103	  
DSMZ-­‐22380	  	   Endozoi663	  [20]	   40%	   515	   515	   100.00	   3.6	  x	  103	  
DSMZ-­‐22380	  	   Endozoi736	  [20]	   40%	   510	   512	   100.39	   4.1	  x	  103	  
LMG-­‐24815	  	   Endozoi663	  [5]	   40%	   517	   522	   100.97	   0.92	  x	  103	  
LMG-­‐24815	  	   Endozoi736	  [5]	   40%	   521	   514	   98.66	   1.2	  x	  103	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Figure	  2:	  Micrographs	  from	  two	  hybridizations	  with	  Endozoicomonas	  pure	  cultures.	  a-­‐b)	  DSMZ-­‐22380	  culture	  hybridized	  
with	  20ng/μl	  Endozoi663	   in	  35%	  formamide	  concentration.	  c-­‐d)LMG-­‐24815	  culture	  hybridized	  with	  5ng/μl	  Endozoi736	  
in	  40%	  formamide	  concentration.	  Images	  on	  the	  left	  (a,	  c)	  are	  DAPI	  stained	  and	  images	  on	  the	  right	  (b,	  d)	  are	  from	  Cy3.	  
Scale	  bar	  is	  5μm.	  
	  
28	  B.	  Development	  of	  coral	  in	  situ	  hybridization	  experiments.	  	  We	   started	   the	   coral	   hybridization	   experiments	   by	   testing	   the	   probes	   under	  different	  conditions	  on	  another	  set	  of	  coral	  samples,	  using	  whole	  mount	  technique	  only.	  This	  was	  done	  in	  order	  to	  design	  protocols	  with	  parameters	  that	  eliminate	  as	  many	  artifacts	  as	  possible.	  Several	   whole-­‐mouth	   hybridization	   experiments	   were	   exclusively	   conducted	   on	  these	   coral	   tissue	   samples	   (Pocillopora	   damicornis	   and	   Stylophora	   pistillata).	   We	  encountered	   two	   major	   challenges,	   nonselective	   attachment	   of	   any	   probe	   on	  nematocysts	  cells	  (Fig.	  3a)	  and	  non-­‐specific	  binding	  by	  the	  NON338	  nonsense	  probe	  (Fig.	  3b).	  	  At	   first,	   hybridizations	   with	   	   Cy3-­‐labelled	   probes	   (5ng/μl;	   EUB338-­‐I,	   NON338,	  
Endozoi-­‐mixture,	   and	  0-­‐probes	   negative	   control)	  were	  made	   (mainly	   as	   described	  above)	  from	  which	  we	  encountered	  the	  non-­‐specificity	  and	  the	  probes’	  attachment	  to	   nematocysts.	   Also,	   detecting	   cellular	   structures	   was	   not	   very	   clear	   in	   this	  experiment	  (data	  not	  shown)	  due	  to	  the	  overlap	  of	  coral	  autofluorescence	  with	  the	  probe’s	   excitation	   and	   emission	   conditions.	   This	   led	   to	   the	   next	   hybridization	  experiment,	  which	   involved	   dipping	   tissues	   in	  Endozoicomonas	  DSMZ-­‐22380	   pure	  culture	   prior	   to	   adding	   the	   probes.	   This	   experiment	   was	   done	   to	   help	   us	  differentiate	  between	  probe,	  dinoflagellates	  and	  coral	  tissue	  fluorescence	  and	  tune	  the	  exact	  excitation/emission	  conditions	  needed	  for	  Cy3.	  We	  confirmed	  the	  sighting	  of	   cellular	   Cy3	   fluorescence	   (Fig.	   3,	   c),	   but	   nonspecific	   binding	   and	   nematocyst	  attachment	  persisted.	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  Our	   next	   experiment	   was	   to	   block	   nonspecific	   binding	   sites,	   particularly	  nematocysts’	   attachment	   to	   probes,	   by	   incubating	   the	   tissues	   with	   a	   nonlabeled	  oligonucleotide	  prior	  to	  probing.	  This	  had	  no	  effect	  (no	  data	  shown).	  Later,	   several	   probe	   concentrations	   were	   hybridized	   (20,	   5	   and	   1ng/μl)	   in	   long	  (16–18h)	   versus	   short	   (3h)	   hybridization	   times.	   With	   this	   experiment,	   we	  succeeded	   in	  detecting	  more	  common	  and	  consistent	  cellular	  structures	  as	  well	  as	  reducing	   (but	   not	   eliminating)	   non-­‐specific	   binding	   with	   1ng/μl	   probe	  concentration	  (Fig.	  3).	  Altering	  hybridization	  time	  length	  had	  insignificant	  effect	  and	  probe	  attachment	  to	  the	  nematocysts	  remained	  a	  problem.	  Blocking	   reagent	   CA	   (0.2%)	   (AppliChem,	   Germany)	   was	   tested	   by	   incubating	  samples	  at	  hybridization	  temperature	  for	  1h.	  However,	  probes	  were	  still	  attaching	  to	   nematocysts	   cells.	   These	   efforts	  were	   not	   able	   to	   prevent	   probe	   attachment	   to	  nematocysts.	   In	   later	   experiments,	   we	   confirmed	   that	   these	   attachments	   are	   not	  
Figure	  3:	  Development	  of	  hybridization	  experiments.	  a)	  Nematocysts	  cells	  glowing	  with	  Cy3	  fluorescence	  due	  to	  the	  nonselective	  
attachment	  of	  probe	  (P.	  damicornis	  hybridized	  in	  5ng/μl	  NON338);	  b)	  Nonspecific	  binding	  visible	  in	  S.	  pistillata	  sample	  hybridized	  
in	   5ng/μl	   NON338;	   c)	   Visible	   bacterial	   cells	   (circled)	   in	  P.	  damicornis	   sample	   dipped	   in	   DSMZ-­‐22380	   culture	   and	   hybridized	   in	  
5ng/μl	  EUB338-­‐I	  probe;	  d,	  e)	  P.	  damicornis	  sample	  hybridized	  in	  20ng/μl	  (d)	  EUB338-­‐I	  probe	  (arrows	  point	  at	  bacterial	  cells)	  and	  
(e)	   NON338	   probe	   (nonspecific	   binding	   to	   cells	   shown	   by	   arrows	   and	   square);	   f,	   g)	   S.	  pistillata	  sample	   hybridized	   in	   1ng/μl	   (f)	  
EUB338-­‐I	  probe	  and	  (g)	  NON338.	  h,	  i)	  Embedded	  S.	  pistillata	  tissue	  hybridized	  in	  NON338	  attaching	  to	  nematocysts	  with	  Cy3	  (i)	  but	  
minimal	  fluorescence	  in	  DAPI	  (h).	  D:	  dinoflagellates;	  Nm:	  nematocysts;	  Bac:	  bacteria	  cells;	  C:	  coral	  tissue/cells.	  Scale	  bar	  is	  5μm.	  No	  
scale	  bar	  in	  (a).	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   i	  
31	  microbial	   cells	   by	   comparing	   to	   DAPI	   counter-­‐stain	   (Fig.	   3,	   h	   and	   i)	   and	   in	   Gram	  stained	   sections	   (Fig.	   7).	   Therefore,	   in	   subsequent	   experiments,	   fluorescent	  nematocysts	  were	  not	  interpreted	  as	  containing	  probe	  hybridized	  to	  bacterial	  cells,	  but	  rather	  attached	  to	  the	  sticky	  surface	  of	  these	  cells.	  	  Another	  major	   challenge	  when	   dealing	  with	   adult	   corals	   is	   autofluorescence.	   This	  natural	   fluorescence	   is	   emitted	   by	   coral	   tissue	   and	   dinoflagellates	   due	   to	   the	  presence	  of	  pocilloporins	  (GFP:	  green-­‐fluorescence	  proteins)	  (Dove	  et	  al.,	  1995	  and	  2001;	   Salih	   et	   al.,	   2000)	   and	   chlorophyll	   (Lesser,	   2004;	   Manz	   et	   al.,	   2000),	  respectively.	  Therefore,	  spectral	  imaging	  techniques	  were	  applied,	  which	  simplifies	  distinguishing	  fluorescence	  sources	  in	  an	  image	  as	  it	  computes	  the	  spectral	  emission	  curve	   of	   each	   pixel	   (Zimmerman	   et	   al.,	   2003).	   Using	  Argon	   488	   and	  DPSS	   561-­‐10	  lasers	   (described	   above),	   we	   were	   able	   to	   detect	   Cy3	   fluorescence	   at	   577nm	  emission	  peak,	  and	  both	  coral	  tissue	  and	  dinoflagellates	  at	  587nm	  peak	  (Ainsworth	  et	  al.,	  2006).	  Coral	  tissue	  showed	  lower	  emission	  intensities	  than	  dinoflagellates.	  The	  overlap	  in	  emission	  spectra	  between	  Cy3	  and	  Cy5,	  530-­‐675nm	  and	  640-­‐775nm,	  respectively,	   was	   eliminated	   from	   our	   microscopic	   analysis.	   This	   was	   done	   by	  specifying	  filters,	  Cy3:	  550–630nm	  and	  Cy5:	  650–750nm,	  with	  which	  we	  narrowed	  the	   detected	   fluorescence	   emission	   away	   from	   the	   overlap	   area,	   and	   closer	   to	  getting	  pure	  signal	  (Table	  2).	  	  
	  
	  
	  
32	  C.	  Stylophora	  pistillata	  hybridization	  results.	  
Presence	  of	  bacteria	  in	  coral	  tissue	  We	  confirmed	  the	  presence	  of	  different	  morphotypes	  and sizes	  of	  bacterial	  cells	   in	  the	   tissues	  of	  S.	  pistillata	  samples,	   indicated	  by	   the	  binding	  with	  Eubacteria	  probe	  (Fig.	   4,	   a).	   Cy3	   fluorescence	   was	   validated	   as	   cells	   by	   comparing	   Cy3	   fluorescing	  cells	   to	   DAPI	   counter-­‐stain	   (data	   not	   shown).	   Gram	   stained	   replicate	   sections	  (adjacent	  to	  the	  hybridized	  ones)	  also	  verified	  the	  presence	  of	  bacterial	  cells	  (Fig.	  7).	  Despite	  the	  	  non-­‐specific	  binding	  results	  shown	  in	  the	  tissues	  that	  were	  hybridized	  with	  NON338	  (Fig.	  4,	  j),	  Gram	  and	  DAPI	  staining	  indicated	  that	  these	  are	  indeed	  cells	  present	  in	  the	  tissues.	  	  
Absence	  of	  Endozoicomonas	  in	  Stylophora	  pistillata	  slurries	  Examination	   of	   S.	   pistillata	   filtered	   slurries	   yielded	   no	   findings	   of	   any	  
Endozoicomonas	   cells.	   Hybridization	   in	   35%	   formamide	   hybridization	   solution	   in	  5ng/μl	   Endozoi-­‐mixture	   was	   done	   on	   all	   5	   samples.	   As	   no	   Endozoicomonas	   cells	  were	   visible,	   the	   experiment	   was	   repeated	   on	   1	   sample	   in	   40%	   formamide	  hybridization	   solution.	   This	   also	   failed	   to	   detect	   any	   Cy3	   fluorescing	   cells	   under	  
Endozoi-­‐mixture	  hybridization	  (see	  Appendix	  6).	  	  On	  the	  contrary,	  nearly	  all	  DAPI-­‐stained	  bacterial-­‐looking	  cells	  were	  found	  to	  bind	  to	  the	  universal	  bacterial	  probe,	  EUB338-­‐I,	  indicated	  by	  their	  Cy3	  fluorescence,	  most	  of	  which	  were	  <1μm	  size	  (Fig.	  5).	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Figure	  4:	  Stylophora	  pistillata	  hybridizations	  results.	  a)	  
Embedded	   tissue	   hybridized	   with	   Cy3-­‐labelled	  
Eubacteria	  probe;	  b,	  e)	  hybridization	  with	  Cy3-­‐labelled	  
Endozoi-­‐mixture	  using	  whole	  mount	  (b)	  and	  embedded	  
tissue	   (e);	   f,	   g)	   whole-­‐mount	   tissue	   double	   hybridized	  
with	   a	  mixture	   of	   Cy3-­‐labelled	   Endozoi-­‐probes	   (f)	   and	  
Cy5-­‐labelled	  Eubacteria	  probe	  (g);	  h)	  0-­‐probes	  negative	  
control	  from	  embedded	  tissue	  showing	  Endozoicomonas	  
cells	   pointed	   at	   with	   arrows;	   j)	   whole	   mount	   tissue	  
hybridization	   in	   NON338	   showing	   nonspecific	   binding	  
to	   cellular	   looking	   structures.	   D:	   dinoflagellates;	   B:	  
bacteria;	   C:	   coral	   tissue;	   Enz:	   Endozoicomonas;	   NSB:	  
nonspecific	  binding.	  Scale	  bar	  is	  5μm.	  
	  
a	   b	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j	  
h	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Detection	  of	  Endozoicomonas	  in	  Stylophora	  pistillata	  tissue	  Aggregations	   of	   Endozoicomonas	   cells	   were	   clearly	   visible	   and	   abundant	   in	   all	   S.	  
pistillata	  samples.	  Those	  cells	  showed	  circular	  morphology	  with	  size	  range	  1–2µm	  (Fig.	  4,	   b	   and	  e).	  Double	  hybridizations	  of	  Cy3-­‐labelled	  Endozoi-­‐mixture	  with	  Cy5-­‐labelled	  Eubacteria	  probes	  (conducted	  as	  previously	  described)	  have	  validated	  our	  findings:	   namely	   that	   bacterial	   cells	   differing	   from	   this	   morphology	   showed	  exclusive	  binding	  to	  Eubacteria	  probe	  and	  not	   to	  Endozoi-­‐probes.	  Clearly,	   this	  was	  indicated	  by	  the	  presence	  of	  Cy5	  and	  the	  absence	  of	  Cy3	  fluorescence	  signal	  (Fig.	  4,	  f	  and	   g).	  Moreover,	  we	  were	   able	   to	   see	   those	   cellular	   aggregations	   in	   the	  negative	  hybridization	  (with	  0-­‐probe)	  due	  to	  background	  fluorescence	  (Fig.	  4,	  h).	  We	  constructed	  three-­‐dimensional	  views	  of	  our	  whole	  mount	  samples	  to	  provide	  a	  clearer	  visualization	  of	  cells	  (Fig.	  6).	  This	  was	  done	  by	  imaging	  multiple	  layers	  from	  different	   focuses	  using	   the	  confocal	  microscope.	   	  These	  analyses	   revealed	   that	   the	  Endozoicomonas	  cells	  were	  well-­‐organized	   into	  bunches	  or	  aggregates	  resembling	  grapes,	  and	  may	  be	  located	  within	  inside	  an	  autofluorescent	  coral	  cellular	  structure.	  	  	   	  	  	  	  	  	   	  
Figure	  5:	  Stylophora	  pistillata	  slurries	  hybridization	  results	  	  comparing	  DAPI	  (g)	  with	  5ng/μl	  Eubacteria	  probe	  EUB338-­‐I	  .	  
(h).	  Scale	  bar	  is	  5μm.	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Figure	  6:	  Three-­‐dimensional	  (3D)	  images	  of	  a	  S.	  pistillata	  sample	  double	  hybridized	  with	  Eubacteria	  probe	  (Cy5-­‐left)	  and	  a	  
mixture	  of	  Endozoi-­‐probes	  (Cy3-­‐right)	  and	  .	  D:	  dinoflagellate,	  C:	  coral	  tissue,	  Enz:	  Endozoicomonas.	  
A	  
B	  
C	  
Figure	   7:	   Gram	   stained	   S.	   pistillata	   tissue	   sections.	   Epi:	  
epidermis	   layer;	   Gas:	   gastrodermis	   layer;	  Msg:	  Mesoglea;	  
Nm/Nema:	   nematocysts;	   D/Dino:	   dinoflagellates;	   Bac:	  
bacteria.	  Scale	  bar	  is	  5μm.	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  IV.	  DISCUSSION	  	  A.	  Development	  of	  Endozoicomonas	  specific	  probes.	  This	  project	  yielded	  successful	  design	  of	  two	  Endozoicomonas	  specific	  probes.	  Their	  specificity	   to	   the	   target	   Endozoicomonas	   group	   was	   verified	   in	   three	   16S	   rRNA	  databases.	   Evaluation	   of	   the	   probes	   against	   two	   Endozoicomonas	   pure	   culture	  isolates	   yielded	   successful	   coverage	   of	   100.2%	   average,	   as	   inferred	   by	   DAPI	  counterstaining	  (described	  above).	  Nonetheless,	  each	  probe	  had	  a	  few	  matches	  with	  non-­‐target	  groups;	  however,	  it	  is	  challenging	  to	  design	  entirely	  specific	  probes	  due	  to	   errors	   that	   are	   undoubtedly	   found	   in	   sequences	   and	   because	   of	   their	   different	  sources.	   For	   instance,	   cyanobacteria	   probe	   [CYA361]	   has	   91%	   target	   group	   hit	  coverage	  as	   it	  matches	  a	   few	  sequences	  of	   the	  phylum	  Firmicutes	   as	  well	   as	   some	  unclassified_Bacteria	   (Schönhuber	   et	   al.,	   1999).	   Likewise,	   probe	   ALF968	   for	  
Alphaproteobacteria	   (except	   of	  Rickettsiales)	   has	   79%	  hits	  with	   target	   group	   as	   it	  was	   found	   to	   match	  Deinococcus-­‐Thermus	   and	   Fibrobacteres	   phyla	   in	   addition	   to	  
Deltaproteobacteria	  and	  others	  (Neef,	  1997).	  We	  argue	  that	  both	  probes	  have	  advantages	  over	  each	  other.	  Endozoi663	  hybridizes	  with	   a	   significantly	   higher	   number	   of	   target	   group	   hits,	   however,	   it	   does	  theoretically	   hybridize	   with	   a	   few	   non-­‐targets.	   On	   the	   contrary,	   Endozoi736	  hybridizes	  with	  a	  reasonable	  but	  less	  number	  of	  Endozoicomonas,	  but	  it	  had	  almost	  zero-­‐matches	  with	   non-­‐target	   groups.	   Therefore,	  we	   strongly	   recommend	   using	   a	  mixture	   of	   both	   probes	   in	   order	   to	   obtain	   a	   wider	   coverage	   of	   targeted	   group,	  
Endozoicomonas.	  
37	  B.	  Employment	  of	  Endozoicomonas	  probes	  and	  FISH	  techniques	  on	  corals.	  Methods	  and	  protocols	   for	  detecting	  and	   localizing	  coral-­‐associated	  bacteria	  using	  FISH	   are	   so	   far	   not	   well	   established.	   In	   this	   study,	   we	   successfully	   developed	  methods	   for	   screening	   Endozoicomonas	   and	   other	   bacteria	   in	   adult	   corals	   tissue	  using	   two	   in	   situ	   hybridization	   techniques,	   whole	   mount	   and	   paraffin	   embedded	  tissues.	   It	   is	   now	   possible	   and	   straightforward	   to	   visually	   detect	   and	   identify	  
Endozoicomonas	   cells	   in	   corals’	   tissue	  using	   the	  specific	  probes	  we	  have	  designed.	  This	   work	   considerably	   contributes	   to	   studies	   concerned	   with	   Endozoicomonas	  group	   abundant	   in	   many	   corals	   and	   potentially,	   in	   several	   other	   marine	  invertebrates.	  Our	   study	   attempted	   probing	   coral	   tissues	   in	   two	   different	   approaches,	   each	   of	  which	   had	   different	   advantages.	   Whole	   mounting	   tissues	   was	   found	   to	   be	   a	  relatively	  rapid	  procedure	  that	  is	  useful	  for	  maintaining	  tissues	  whole	  and	  thick	  as	  they	   naturally	   are.	   This	   feature	   enables	   analyzing	   surface	   associated	   cells.	  Furthermore,	  utilizing	  confocal	  microscopy	  with	   these	   thick	   tissues	   (with	  multiple	  microscopy	  focusing	  layers)	  allows	  production	  of	  3-­‐dimensional	  (3D)	  views,	  which	  intuitively	   enhances	   the	   ability	   to	   visualize	   and	   localize	   cells	   in	   a	   sample.	   Yet,	   it	  remains	  difficult	  to	  precisely	  localize	  cells	  within	  the	  tissue.	  As	   for	  hybridization	  with	  paraffin	  embedded	  tissues,	   the	  ability	  to	  produce	  a	   large	  number	  of	  sectioned	  tissue	  replicates	  is	  certainly	  very	  advantageous.	  The	  nature	  of	  sectioning	   tissue	   into	   thin	   slices	   preserves	   its	   morphology,	   which	   enhances	   the	  perception	  of	   inner	   tissue	  structure.	  This	   is	  critical	   for	   localizing	  cells	   in	  a	  sample.	  However,	   such	   slicing	   could	   result	   in	   disorganizing	   uniformly	   aggregated	   cellular	  
38	  structures,	   which	   could	   lead	   to	   misinterpretation	   of	   observations.	   We	   argue	   that	  both	   approaches	   are	   complementary	   and	   recommend	   that	   they	   be	   utilized	   in	  combination.	  Although	  nonspecific	  binding	  of	  probes	  persisted	  inconsistently	  across	  samples,	  we	  argue	   that	   this	   problem	   did	   not	   affect	   the	   detection	   and	   true	   recognition	   of	  
Endozoicomonas.	   This	   is	   due	   to	   their	   significant	   abundance	   that	   is	   consistent	   to	  S.	  
pistillata	  16S	  rRNA	  gene	  sequences	  (Areej	  Alsheikh-­‐Hussain	  et	  al.,	  coursework).	  It	  is	  also	  consistent	  with	  gram	  and	  DAPI	  staining	  indicated	  by	  their	  bacterial	  morphology.	  Furthermore,	   16S	   rRNA	   full-­‐length	   sequences	   from	   those	   very	   same	   S.	   pistillata	  samples,	  will	   verify	   their	  abundance	   (work	   in	  progress).	  Yet,	  more	  efforts	  are	   still	  needed	  to	   fully	  understand	  and	  optimally	  diminish	  this	  nonspecific	  binding.	  As	   for	  the	   adhesiveness	   of	   probes	   to	   nematocysts	   cells,	   we	   demonstrated	   that	   the	   Cy3	  fluorescence	   emitted	   from	   them	   is	   not	   cellular.	   This	   was	   indicated	   by	   DAPI	  counterstain	   comparison.	   Nonetheless,	   other	   studies	   have	   demonstrated	  nematocysts-­‐bacterial	   associations	   (Neulinger	   et	   al.,	   2009),	   and	   it	   is	   possible	   that	  these	  cells	  could	  associate	  with	  a	  microbial	  community. 
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  C.	  Analyzing	  prevalence,	  location,	  and	  potential	  role	  of	  Endozoicomonas	  in	  corals.	  Based	   on	   hybridization	   results	   of	   S.	   pistillata	   tissues	   with	   our	   Endozoi-­‐probes,	  
Endozoicomonas	   cells	   were	   found	   to	   be	   aggregating	   uniformly	   resembling	   grape	  bunches.	  These	  aggregations	  were	  more	  visible	   in	  whole	  mount	  hybridized	  tissues	  than	   in	   embedded	   tissues,	   which	   could	   be	   attributed	   to	   the	   thinness	   of	   tissue	  sections	   (5μm).	   Visual	   observations	   of	   samples	   have	   found	   those	   cells	   to	   be	   very	  abundant	  in	  the	  tissue,	  despite	  the	  lack	  of	  quantitative	  analysis	  intended	  by	  double	  hybridizations	  with	  Eubacteria	  Cy5-­‐labelled	  oligonucleotides.	  16S	  rRNA	  sequences	  from	   those	   very	   same	   S.	   pistillata	   samples,	   which	   are	   soon	   to	   be	   obtained,	   shall	  verify	  the	  abundance	  observation.	  We	  found	  no	  Endozoicomonas	  in	  S.	  pistillata	  hybridized	  filtered	  slurries.	  This	  could	  be	  explained	   that	  airbrushing	   samples	  may	  have	   resulted	   in	  damaging	   those	   cells.	  	  Alternatively,	   the	   grape-­‐like	   aggregates	   these	   cells	   are	   contained	   within	   may	   not	  have	  adequately	  broken	  up	  and	  appear	  patchy	  on	  the	  filter,	  and	  thus	  they	  were	  not	  detected	  with	  our	  screening	  methods.	  	  Lastly,	  the	  fixation	  conditions	  for	  the	  slurries	  may	   have	   not	   been	   optimal	   for	   these	   cells,	   which	   would	   allow	   them	   to	   evade	  hybridization	  and	  detection.	  Additionally,	  Endozoicomonas	  spp.	  were	  found	  in	  all	  samples,	  which	  were	  obtained	  from	  different	  reefs	  and	  depths.	  Hence,	  we	  speculate	  their	  specificity	  to	  the	  species,	  
Stylophora	   pistillata,	   which	   is	   a	   well-­‐known	   and	   -­‐proven	   characteristic	   of	   coral	  associated-­‐bacteria	   (Ritchie	   &	   Smith	   1997;	   Rohwer	   et	   al.,	   2002).	   This	   proposes	   a	  hypothesis	  that	  certain	  Endozoicomonas	  spp.	  could	  be	  symbiotic	  to	  their	  S.	  pistillata	  coral	  host.	  
40	  Based	  on	  whole	  mount	  and	  embedded	  tissues	  hybridizations,	  we	  found	  those	  cells	  to	   be	   distributed	   close	   by,	   yet	   not	   directly	   clustered	   around	   dinoflagellates.	   They	  appear	   to	  be	   localized	  close	   to	   the	  surface,	  possibly	   in	   the	  epidermis	   layer.	  On	   the	  other	  hand,	  Gram	  stained	  sections,	  adjacent	  to	  those	  that	  were	  hybridized,	  showed	  concentrated	  arrangements	  of	  bacterial	  cells	  around	  the	  polyp	  mouth	  (Fig.	  7,	  A	  and	  B).	  We	  clearly	   found	  intense	  aggregations	  of	  bacterial	  cells	  (similar	   in	  morphology	  to	  Endozoicomonas)	  in	  the	  epidermis	  layers,	  indeed,	  away	  from	  dinoflagellates	  layer	  (gastrodermis)	  (Fig.	  7,	  B	  and	  C).	  These	  observations	  were	  consistent	  throughout	  the	  sectioned	   tissue	   except	   for	   a	   few	   non-­‐aggregating	   cells	   that	   appeared	   near	  dinoflagellates.	   Webster	   and	   Bourne	   (2007)	   detected	   bacterial	   aggregations	   of	  similar	  morphology	  and	  size	  to	  our	  findings	  in	  the	  epidermis	  layer	  of	  the	  soft	  coral	  
Alcyonium	   antarcticum.	   Their	   16S	   rRNA	   analysis	   has	   identified	   bacteria	   affiliated	  with	  Endozoicomonas	  (Fig.	  1).	  	  We	   note	   that	   identifying	   bacteria	   using	   Gram	   stained	   paraffin	   embedded	   tissues	  relied	   mainly	   on	   morphology.	   Despite	   knowing	   that	   Endozoicomonas	   are	   gram-­‐negative	   bacteria	   (Kurahashi	   and	   Yokota,	   2007;	   Yang	   et	   al.,	   2010),	   i.e.,	   they	   stain	  pink	  in	  Gram,	  we	  relied	  less	  on	  color.	  This	  is	  due	  to	  possible	  artifacts	  that	  are	  often	  associated	  with	  staining	  gram-­‐negative	  bacterial	  cells.	  Our	  locality	  observations	  are	  yet	   to	   be	   supported	   with	   additional	   analysis	   such	   as	   transmission	   electron	  microscopy.	  	  As	  we	  hypothesize	  that	  those	  cells	  are	  positioned	  near	  the	  surface,	  we	  speculate	  that	  they	   could	   be	   involved	   in	   some	   coral	   defense	   mechanism,	   possibly	   antibiotic	  production.	   Also,	   the	   fact	   that	   these	   cells	   are	   forming	   aggregations	   could	   indicate	  
41	  their	   use	   of	   quorum	   sensing,	   a	   chemical	   communication	   mechanism	   used	   by	  bacteria,	   including	   the	   squid/Vibrio	   symbiosis	   described	   above.	   Moreover,	   these	  aggregations	   could	   possibly	   be	   within	   a	   mucus-­‐covered	   or	   other	   type	   of	   sticky	  cellular	   structure,	   which	   could	   explain	   the	   non-­‐specific	   binding.	   From	   another	  perspective,	  considering	  their	  abundance	  throughout	  the	  tissue	  and	  the	  necessity	  of	  nitrogen	   to	   the	   host	   animal,	   we	   could	   hypothesize	   their	   involvement	   in	   nitrogen	  fixation.	   All	   of	   these	   hypotheses	   are	   preliminary	   and	   need	   to	   be	   analyzed	   more	  thoroughly	  using	  approaches	  that	  are	  outside	  the	  scope	  of	  this	  study.	  The	  multiple	  analyses	  of	  Endozoicomonas	  cells	   in	  S.	  pistillata	  tissue	  presented	  here	  represent	  a	  comprehensive	  attempt	  that	  has	  not	  been	  conducted	  by	  anyone	  before.	  We	   hope	   that	   our	   findings	   contribute	   considerably	   to	   future	   studies	   of	  
Endozoicomonas	  in	  corals,	  and	  potentially,	  other	  invertebrates	  in	  which	  they	  reside.	  	  	  
	   	  
42	  CONCLUSIONS	  In	   this	   study,	  we	   designed	   two	  Endozoicomonas	  specific	   probes	   and	   verified	   their	  specificity	   using	   online	   probe	   check	   tools.	   We	   hybridized	   these	   probes	   to	  
Endozoicomonas	   pure	   culture	   isolates	   to	   evaluate	   their	   efficiency	   and	   obtain	   the	  most	   stringent	   conditions	   for	   best	   hybridization.	   We	   worked	   on	   5	   replicates	   of	  
Stylophora	   pistillata	   coral	   samples	   that	   were	   processed	   in	   several	   ways.	   These	  involved	   fixation,	   decalcification,	   airbrushing,	   filtration,	   16S	   rRNA	   sequencing,	  paraffin	   embedding,	   sectioning,	   and	   staining.	   After	   obtaining	   decalcified	   coral	  tissues,	   paraffin	   embedding	   and	   sectioning	   was	   conducted	   on	   a	   sub-­‐set.	   Whole	  tissues	  as	  well	  as	  embedded	  ones	  were	  hybridized	  with	  the	  probes	  we	  designed.	  Our	  hybridization	   experiments	   with	   coral	   tissues	   successfully	   yielded	   the	   recognition,	  characterization	  and	  localization	  of	  Endozoicomonas	  cells.	  Gram	  stained	  embedded	  tissues	  confirmed	  our	  findings	  and	  supported	  our	  locality	  observations	  of	  those	  cells.	  However,	  airbrushed	  coral	  samples	  did	  not	  encounter	  Endozoicomonas	  cells,	  which	  was	   concluded	   by	   hybridizing	   our	   probes	   to	   filtered	   blasted	   tissue/mucus.	  Nonspecific	   binding	   and	   nonselective	   attachment	   of	   probes	   to	   nematocysts	   were	  two	   challenges	   that	   were	   not	   overcome	   experimentally	   but	   employing	   multiple	  types	  of	   analyses	  allowed	  us	   to	  verify	   the	   significance	  of	   these	   issues.	  Finally,	  16S	  rRNA	  gene	  sequences	  of	  the	  same	  coral	  samples	  we	  experimented	  on	  will	  verify	  our	  visual	  findings	  of	  the	  presence	  and	  abundance	  of	  Endozoicomonas	  in	  S.	  pistillata.	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Appendix	   1:	  Comparison	  between	  probe	  Endozoi663	  and	  Endozoi736	  obtained	   from	  the	  database	   that	  was	  used	   to	  design	  those	  probes.	  	  
Property	   Endozoi663	   Endozoi736	  
Sequence	  (18bp)	   GAGGAGUGUGGAAUUUCC	   CUCUGGUCUGACACUGAC	  
Melting	  temperature	  (°C)	   54.0	   56.0	  
Number	  of	  hits	  with	  target	  
group	  (124	  of	  >=1400bp)	   50.0	   55.0	  
G+C	  Content	   98	   73	  
Non-­‐matched	  target	  sequences	   These	  are	  from	  Octocoral,	  bivalve,	  sponge,	  sea	  star	  and	  angelfish.	  	  GU118973	  GU119034	  GU118880	  GU119117	  EU884930	  EU884929	  DQ889929	  DQ889924	  DQ889891	  DQ889931	  DQ889906	  DQ889928	  DQ889921	  DQ889911	  EU487856	  EU487853	  EU599216	  AB054155	  AB054156	  FJ999614	  EF508132	  AY130994	  GU118168	  GU118076	  GU118489	  EU487857	  	  	  	  	  	  	  	  	  
These are from vents	  mussels,	  Tunicates,	  Octocoral,	  Bivalve,	  Arctic	  soft	  coral,	  and	  Sponge.	  	  GU118719	  GU119156	  EU884930	  EU884929	  DQ889929	  DQ889924	  	  DQ884169	  AY700601	  AY700600	  GU118466	  GU118489	  GU118330	  GU118365	  GU118481	  GU118404	  DQ312244	  DQ312234	  DQ312235	  DQ312236	  DQ312237	  	  DQ312238	  DQ312239	  DQ312240	  	  DQ889931	  DQ889906	  DQ889928	  DQ889921	  DQ889911	  DQ889891	  EU487856	  EU487853	  EU487857	  EU599216	  AB054155	  AB054156	  FJ999614	  EF508132	  FM162188	  FM162189	  AY130994	  GU118490	  GU118396	  
49	   GU118502	  GU118076	  GU118072	  DQ312241	  DQ312242	  DQ312243	  GU118920	  FM244838	  
Matched	  but	  non-­‐target	  group	  
sequences	  
	  
EF028328,	  AY258110,	  DQ200520,	  AY839870,	  AY839869,	  DQ011526,	  FJ463229,	  FJ489774	   N/A	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Appendix	  2:	  Endozoi663	  probe	  validation	  check	  using	  the	  online	  tools:	  TestProbe,	  BLAST	  and	  RDP.	  TestProbe	  and	  RDP:	  only	  sequences	  of	  >	  1200bp	  were	  queried.	  BLAST:	  the	  16S	  Microbial	  database	  was	  used	  and	  only	  results	  with	  what	  score	  >36	  were	  selected.	  
Tool	   Total	  hits	   Hits	  with	  
Endozoicomonas	  
accession	  
numbers	  of	  
matched	  non-­‐
Endozoicomonas	  
Genera	  of	  matched	  non-­‐
Endozoicomonas	  (if	  uncultured	  without	  known	  genus,	  class)	  
TestProbe	  
(SILVA	  ref	  
108)	  
660	   415	  	   AANE01000001	  AANE01000003	  AANE01000009	  AANE01000011	  AB166996	  AB167047	  AB274772	  AB305302	  AB305305	  AB305306	  AB305307	  AB305308	  AB305309	  AB305310	  AB476176	  AB496651	  AB526351	  AB540008	  AB540009	  ABCP01000031	  AF173969	  AF199440	  AF212207	  AF212208	  AF212209	  AF212210	  AF212211	  AF212213	  AF295032	  AF359552	  AF468307	  AF468315	  AF468316	  AF468320	  AF513448	  AJ294336	  AJ294359	  AJ542653	  AJ557841	  AJ557843	  AJ557844	  AJ557846	  AJ557851	  AJ557854	  AJ849369	  AJ871938	  AM882553	  AM944523	  M944524	  AM945666	  
Marinobacter	  (177)	  	  Uncultured	  Gammaproteobacteria	  (20)	  Marinimicrobium	  (15)	  Marinomonas	  (12)	  	  Neptunomonas	  (8)	  Leucothrix	  (7)	  Thiothrix	  (2)	  Saccharospirillum	  (2)	  Simiduia	  (1)	  Uncultured	  	  Acidimicrobiia	  (1)	  	  
51	  AM990796	  AM990807	  AM990900	  AY028196	  AY150183	  AY150578	  AY165592	  AY165595	  AY165596	  AY165597	  AY196982	  AY212731	  AY258110	  AY258116	  AY394873	  AY394878	  AY394884	  AY515439	  AY588955	  AY687520	  AY687522	  AY687524	  AY687527	  AY687537	  AY687538	  AY690675	  AY690676	  AY690677	  AY690684	  AY839869	  AY839870	  DQ001638	  DQ011526	  DQ011527	  DQ097526	  DQ272300	  DQ272301	  DQ272303	  DQ272304	  DQ272305	  DQ272306	  DQ272307	  DQ272308	  DQ272309	  DQ272310	  DQ272311	  DQ272312	  DQ272313	  DQ272314	  DQ272315	  DQ272316	  DQ272317	  DQ403809	  DQ412064	  DQ486486	  DQ486497	  DQ521379	  DQ665805	  DQ665806	  DQ665807	  DQ768634	  
52	  DQ911545	  DQ911547	  EF028328	  EF471571	  EF632699	  EF632877	  EF667989	  EF685671	  EF685674	  EF685675	  EF685676	  EF685677	  EU050834	  EU050923	  EU135711	  EU196316	  EU246781	  EU246792	  EU308448	  EU308454	  EU308455	  EU308456	  EU308457	  EU308458	  EU308459	  EU308460	  EU308461	  EU308462	  EU308463	  EU308464	  EU308465	  EU308466	  EU308467	  EU328066	  EU328075	  EU328092	  EU338370	  EU440976	  EU440985	  EU491891	  EU491893	  EU491898	  EU491901	  EU491907	  EU491908	  EU491910	  EU491913	  EU491917	  EU491919	  EU491923	  EU491939	  EU491947	  EU570904	  EU603453	  EU624437	  EU704111	  EU735624	  EU735660	  EU874388	  EU907921	  EU912002	  
53	  EU919803	  FJ152893	  FJ152942	  FJ152968	  FJ152975	  FJ153007	  FJ457289	  FJ457290	  FJ461424	  FJ461428	  FJ461433	  FJ461436	  FJ461440	  FJ461442	  FJ461447	  FJ461454	  FJ497670	  FJ497701	  FJ535306	  FJ535309	  FJ662893	  FJ746572	  FJ746583	  FJ746585	  FJ746586	  FJ825905	  FJ826320	  FJ848890	  FJ905624	  FM992726	  FM992738	  FM992741	  FM992753	  FM992844	  FN773266	  FN773267	  FN773268	  FN773269	  FR670400	  GQ901056	  GQ901058	  GQ901060	  GU369895	  GU369906	  GU369918	  GU447298	  GU584136	  GU584144	  GU597969	  HM126860	  HM127011	  HM127039	  HQ153926	  HQ153969	  HQ166779	  HQ190501	  HQ190521	  HQ190526	  HQ225085	  HQ225310	  HQ326421	  
54	  HQ672390	  HQ727614	  HQ857605	  HQ857658	  HQ857661	  HQ882175	  JF263528	  JF263529	  JF263532	  JF304645	  JF421171	  JF421173	  
	  
BLAST	  
(16S	  
Microbial	  –	  
top	  100	  
resul)	  
6	   1	   NR044044	  NR042807	  NR043223	  NR043222	  NR043467	  
Marinobacter	  (2)	  Marinimicrobium(2)	  Marinomonas	  (1)	  
RDP	  
(16S	  
Bacteria)	  
657	   411	   EU570904	  HQ153926	  HQ153969	  AY839869	  AY839870	  EU328066	  EU328092	  EU874388	  FJ152893	  FJ152942	  FJ152968	  FJ152975	  FJ153007	  HQ882175	  JF304645	  HQ857661	  JF421173	  AJ294359	  AJ294336	  AJ542653	  AJ557846	  AJ557844	  AJ557841	  AJ557843	  AJ557851	  AJ557854	  AY394878	  AY394884	  AY394873	  AY515439	  AY258110	  AF173969	  AY687520	  AY687522	  AY687524	  AY687527	  AY687537	  AY687538	  AY690675	  AY690676	  AY690677	  AY690684	  AB166996	  AB167047	  
Marinobacter	  (177)	  	  Teredinibacter	  (16)	  Marinimicrobium	  (14)	  Marinomonas	  (9)	  unclassified_Oceanospirillaceae	  (7)	  	  unclassified_Thiotrichales	  (4)	  	  unclassified_Oceanospirillales	  (3)	  	  unclassified_Alteromonadales	  (3)	  Leucothrix	  (3)	  	  Sulfurovum	  (2)	  	  Saccharospirillum	  (2)	  unclassified_Gammaproteobacteria	  (2)	  	  Neptunomonas	  (1)	  unclassified_Acidimicrobidae	  (1)	  	  unclassified_Alteromonadaceae	  (1) unclassified_Proteobacteria	  (1)	  	  	  	  	  	  
55	  AF199440	  AF212207	  AF212208	  AF212209	  AF212210	  AF212211	  AF212213	  AF295032	  AF359552	  AF468307	  AF468311	  AF468316	  AF468320	  AY165592	  AY165595	  AY165596	  AY165597	  AY196982	  AJ849369	  AF513448	  DQ097526	  AY258116	  DQ412064	  DQ001638	  AY588955	  DQ665805	  DQ665806	  DQ665807	  AB274772	  AJ871938	  DQ521379	  EF177662	  DQ486486	  DQ486497	  EF028328	  AB305302	  AB305305	  AB305306	  AB305307	  AB305308	  AB305309	  AB305310	  EF632699	  EF632877	  DQ768634	  EF667989	  EF685671	  EF685674	  EF685675	  EF685676	  EF685677	  EU135711	  EU196316	  EU246781	  EU246792	  EU491891	  EU491893	  EU491898	  EU491901	  EU491907	  EU491908	  
56	  EU491910	  EU491913	  EU491917	  EU491919	  EU491923	  EU491939	  EU491947	  AM945666	  EU735624	  EU735660	  EU704111	  EU328075	  AM944523	  AM944524	  AM990796	  AM990807	  AM990900	  EU603453	  EU624437	  EU907921	  EU440976	  EU440985	  EU912002	  EU919803	  AM882553	  EU308448	  EU308454	  EU308455	  EU308456	  EU308457	  EU308458	  EU308459	  EU308460	  EU308461	  EU308462	  EU308463	  EU308464	  EU308465	  EU308466	  EU308467	  FJ461424	  FJ461428	  FJ461433	  FJ461436	  FJ461440	  FJ461441	  FJ461442	  FJ461447	  FJ461454	  FJ746572	  FJ746583	  FJ746585	  FJ746586	  FJ825905	  FJ826320	  FJ848890	  FJ905624	  AB526351	  FJ497670	  FJ497701	  FJ662893	  
57	  GQ901056	  GQ901058	  GQ901060	  GU447298	  GU584136	  GU584144	  GU597969	  HM126860	  HM127039	  FM992726	  FM992738	  FM992741	  FM992753	  FM992844	  HQ672390	  HQ166779	  HQ225085	  HQ225310	  HQ326421	  JF263528	  JF263529	  JF263532	  HQ190501	  HQ190521	  HQ190526	  HQ857658	  JF421171	  HQ727614	  AY150183	  AY150578	  DQ272300	  DQ272303	  DQ272304	  DQ272306	  DQ272307	  DQ272308	  DQ272309	  DQ272310	  DQ272311	  DQ272312	  DQ272313	  DQ272314	  DQ272315	  DQ272316	  DQ272301	  DQ272305	  DQ272317	  AY028196	  DQ011526	  DQ011527	  DQ403809	  EU338370	  FJ457289	  FJ457290	  AB496651	  HM127011	  FN773268	  DQ911545	  DQ911547	  EU050834	  EU050923	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FN773266	  FN773267	  FN773269	  AB540008	  AB540009	  DQ118733	  DQ123914	  FJ154998	  AB476176	  FJ535306	  FR670400	  FJ535309	  GU369895	  GU369906	  GU369918	  AY212731	  EF471571	  AF468315	  HQ857605	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Appendix	  3:	  Probe	  Endozoi736	  validation	  check	  using	  the	  online	  tools:	  TestProbe,	  BLAST,	  and	  RDP.	  TestProbe	  and	  RDP:	  only	  sequences	  of	  >	  1200bp	  were	  queried.	  BLAST:	  the	  16S	  Microbial	  database	  was	  used	  and	  only	  results	  with	  score	  >36	  were	  selected.	  
Tool	   Total	  
hits	  
Hits	  with	  
Endozoicomonas	  
accession	  
numbers	  of	  
matched	  non-­‐
Endozoicomonas	  	  
Genera	  of	  matched	  non-­‐
Endozoicomonas	  	  (if	  uncultured	  without	  known	  genus,	  class)	  
TestProbe	  
(SILVA	  ref	  
108)	  
304	   302	   AY212731	  	  FJ825538	   Simiduia	  (1)	  Uncultured	  Bacilli	  (1)	  
BLAST	  	  
(16S	  
Microbial)	  
1	   1	   N/A	   N/A	  
RDP	  
(16S	  Bacteria)	  
304	   299	   FJ825538	  GU118699	  GU119117	  GU119172	  AY212731	  	  
Unclassified_Hahellaceae	  (3)	  Unclassified_Lactobacillales	  (1)	  Unclassified_Gammaproteobacteria	  (1)	  	  	  
	  	  	  	  	  	  	  	  	  	   	  
Appendix	  4:	  16S	  rRNA	  phylogenetic	  tree	  of	  all	  Endozoicomonas	  full-­‐length	  sequences	  (≥1400bp)	  that	  matched	  either	  one	  or	  both	  of	  the	  probes.	  Tree	  was	  inferred	  using	  maximum	   likelihood	   (ML)	  and	  only	  bootstrap	  values	  ≥	  80	  are	  shown.	  Sequences	   that	  matched	  Endozoi663	   only	  are	  displayed	   in	  BLUE,	  
Endozoi736	  only	  are	  displayed	  in	  RED	  and	  ones	  that	  matched	  both	  probes	  are	  displayed	  in	  BLACK.	  Out-­‐groups	  used	  included	  1	  sequence	  of	  each	  of	  the	  following	  phyla:	  Firmicutes	  (Y18189),	  Actinobacteria	  (D86945),	  Proteobacteria	  (X72768),	  Spirochaetes	  (Z22781),	  and	  Bacteroidetes	  (AB078080).	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Appendix	   5:	   Fluorescence	   In	   situ	   hybridization	   of	   Endozoicomonas	   pure	   isolates	   of	   both:	   E.	   elysicola	   [DSMZ-­‐22380]	   and	   E.	  
montiporae	   [LMG-­‐24815].	   DAPI:	   left	   column,	   Cy3:	   right	   column.	   a-­‐b)	   DSMZ-­‐22380,	   20ng/μb	   EUB338-­‐I,	   35%;	   c-­‐d)	   LMG-­‐24815,	  20ng/μE	  EUB338-­‐I,	  35%;	  e-­‐f)	  	  DSMZ-­‐22380,	  5ng/μE	  Endozoi663,	  35%;	  g-­‐h)	  DSMZ-­‐22380,	  20ng/μ	  	  Endozoi663,	  35%;	  i-­‐j)	  DSMZ-­‐22380,	  5ng/μj	  Endozoi663,	  40%;	  k-­‐l)	  DSMZ-­‐22380,	  20ng/μ	  	  Endozoi663,	  40%;	  m-­‐n)	  DSMZ-­‐22380,	  20ng/μ	  	  Endozoi736,	  35%;	  o-­‐p)	  DSMZ-­‐22380,	  20ng/μ	  	  Endozoi736,	  40%;	  q-­‐r)	  LMG-­‐24815,	  5ng/μ	  	  Endozoi663,	  40%;	  s-­‐t)	  LMG-­‐24815,	  5ng/μ	  	  Endozoi736,	  40%.	  Scale	  bar	  is	  5μm.	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Appendix	   6:	   Stylophora	   pistillata	   slurries	   hybridization	   results	   of	   only	   one	   sample.(k,	   l)	   5ng/μ,	   Endozoi-­‐mixture	   in	   35%	  formamide	  hybridization	  solution;	  (m,	  n)	  5ng/μm	  Endozoi-­‐mixture	  in	  40%	  formamide	  hybridization	  solution.	  (DAPI-­‐left	  column,	  Cy3-­‐right	  column.	  Scale	  bar	  is	  5μm.	  
